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Abstract 

We investigate under which circumstances one can show the existence of leptonic 
CP violation with the help of a positive or negative signal in neutrinoless double beta 
decay. The possibilities of cancellations are investigated for special mass hierarchies 
and the different solar solutions. The possibility that the mixing angle connected 
with the solar neutrino problem is smaller or larger than 7r/4 is taken into account. 
The non-maximality of that angle in case of the LMA solution allows to make several 
useful statements. The four different CP conserving possibilities are analyzed. It is 
implemented how precisely the oscillation parameters will be known after current 
and future experiments have taken data. The area in parameter space, in which CP 
violation has to take place, is largest for the LOW solution and in general larger for 
the inverse mass scheme. 

Keywords: Neutrino Oscillation, Double Beta Decay, Majorana Neutrinos, CP violation 
PACS: 14.60.Pq, 23.40.-s 



*Email address: rodejoha@xena.physik.uni-dortniund.de 



1 Introduction 



Evidence for lepton flavor violation has been collected in large amounts, courtesy of neu- 
trino oscillation experiments [|T|, 0]. An explanation of the smallness of the implied neutrino 
masses is given by the see-saw mechanism 0, which introduces Majorana neutrinos and 
thus lepton number violation to the theory. In recent years, the search for this phenomenon 
has concentrated on neutrinoless double beta decay (OuPP). The decay width of this pro- 
cess is proportional to the square of the so-called effective mass of the electron neutrino, 

{m) = J2u!,m,, (1) 

where U is the leptonic Maki-Nakagawa-Sakata (MNS) mixing matrix [Q. Since (m) de- 
pends on the neutrino masses, the two mixing angles connected with solar and reactor 
experiments and two phases in U, any measurement or non-measurement of Ou/SlS can 
in principle answer some of the open questions of neutrino physics, a topic which in the 
past has been addressed by a number of authors @, ^ 0, §• For example, by combining 
oscillation experiments and Oi>f]f], one can investigate the solution of the solar neutrino 
problem, the mass scheme, the value of the smallest mass eigenstate or the presence of 
leptonic CP violation. In this note we shall concentrate on the latter point. For Majo- 
rana neutrinos there are three phases in U, two of which can in principle be measured 
through Oz//3/3. These two additional phases are parameters of an extended Standard 
Model (SM) and are of interest e.g. regarding the stability of the neutrino mass matrix 
under radiative corrections |10] or in governing the magnitude of the baryon asymmetry 
of the universe via the leptogenesis mechanism |TT|. Regarding the latter it has recently 
been shown in two quite different models |jT2|, |13|] that even for vanishing CP violation in 
oscillation experiments, there can still be a sufficient baryon asymmetry generated. The 
amount of CP violation found in neutrinoless double beta decay is then crucial in testing 
different leptogenesis models. In contrast to the quark sector, there are four CP conserving 
possibilities for Majorana neutrinos, all of which have different aspects. We shall discuss 
them in some detail, finding that in many cases they can be classified into two groups, 
sometimes even one single case can be identified. We decided to ignore the recently an- 
nounced controversial indication for Oz//5/5 Jl^. See P, |15| for a criticism of the statistical 



methods used in that analysis and |]16| for replies. We shall only quote the measurement 
of the life-time limit on the neutrinoless double beta decay of ''^Ge, which is 1.5 ■ 10^^ y 



17| . Using different calculations for the nuclear matrix elements (NME), a limit on the 
effective mass of 

(m) < (0.30... 0.97) eV (2) 

can be set. See |18| for a discussion of the different calculations. As future limits are 
concerned, several proposals for new experiments exist, such as CUORE |IT9|1, EXO 
Majorana [0, or GENIUS ^ 



MOON 12 



see 



Tl, EXO 

2^ for a recent overview. As possible 



landmark limits we will assume 0.01 and 2-10 eV, where the latter corresponds to the 
lot GENIUS project. The expected uncertainty of the result is estimated to be around 20 
to 30 % M 
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The paper is organized as follows: in Section ^ the required formalism is briefly reviewed 
and in Section ^ the results are presented for some special mass hierarchies and then in 
Section ^ the general case is analyzed, including the current and future uncertainty in the 
knowledge of the oscillation parameters. Section § summarizes our conclusions. 



2 Formalism 



Since (m) is the absolute value of a sum of three complex numbers, it depends on two 
phases. The neutrino mixing matrix U can be parameterized in a very convenient form, 
which treats these two phases as the two additional Majorana phases: 



C1C3 



U = UcKM diag(l,e^",e^(^+^)) 

-iS \ 



S1C3 



diag(l,e^",e^(^+'')) 



(3) 



~SiC2 — CiS2S^e C1C2 — 8182336 S2C3 
\ S1S2 - CiC2S3e'^ -C1S2 - SiC2S3e'^ C2C3 J 

where Cj = cos6'j and Si = sin6'i. Within the parameterization @, (m) depends on a and 
j3. The third phase 6 can be probed in oscillation experiments [^. For CP conservation, 
different relative signs of the masses rrii are possible, corresponding to the intrinsic CP 
parities of the neutrinos Four situations are possible, with rrii = rii\mi\ one can 

write these cases as (+ + +), (H ), ( — I — ) and ( h), where the (±±±) correspond 

to the relative signs of the mass states. Special values of the phases correspond to these 
sign signatures [p7| . 
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(+--) 
(- + -) 
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The neutrino mass itself is bounded by the result from the tritium spectrum p8[ , 
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\Uei?rni < 2.2 eV. 



(5) 



Next generation laboratory as well as satellite |^0[ experiments will be able to probe 
neutrino masses down to ~0.4 eV. Finally, two possible mass schemes exist, the normal 
and inverse scheme can be written as follows: 



NORMAL 



INVERSE 



= Y Am^ + ml 

1712 = \J + mf 

mi = 0. . .2.2 eV 



Am^ + ml 



mi 

mg = . . . 2.2 eV 



(6) 



-Am^ + m? 
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Regarding the mixing angles and the mass squared differences, the best-fit points of the 
atmospheric oscillation parameters are |3T[| 



Ami = 2-5 • 10- 



eV2, tan2^2 = l 



(7) 



The maximal Ami about 5- 10~^ eV^. As far as the solar solution is concerned, the Large 
Mixing Angle (LMA) solution is favored over the low Am^ (LOW) solution by the latest 
data, especially after the recent SNO results 0. The other possibilities are the vacuum 
solution (VAC) and the Small Mixing Angle (SMA) solution, which are currently highly 
disfavored. We will therefore concentrate mainly on LMA and LOW. Typical best-fit 



points are 32 



Am^ 



4.5 ■ 10-5 eV2, tan^ Oi = 0.4 LMA 



Ami = 1-0 ■ 10" 



eV^, tan2 ^1=0.7 LOW 



4.6 ■ 10-1° eV^ tan^ Oi = 2.4 VAC 



The allowed ranges at 95 % C.L. of = tanf go from about 0.2 to 0.8 for LMA and 
0.5 to 1 for LOW. In fact, the upper value of tf for LMA differs in the different available 



analyses, which appeared after the new SNO results ||3^. We shall take 0.8 as an illustrative 
example. In case of the VAC solution, one may assume that lies between 0.4 and 3, i.e. 
also on the "dark side" of the parameter space. One may however safely state that maximal 
mixing is disallowed for the LMA solution, which will later on allow us to make some useful 
statements. See |Q for a detailed analysis of the consequences of this fact. The mass scale 



Ami is lower than about 3 • 10-^ eV^ for LMA and 3 • 10-^ (3 ■ 10-^^) eV^ for LOW (VAC). 



The third angle 6^ is constrained to be [p5|] 



tan^^a = tj < 0.08, 



(9) 



In the future, it will be possible to reduce the error of the atmospheric parameters Am\ and 
sin2 202 to about 10% by the MINOS, ICARUS and OPERA experiments ig. The SNO, 
KAMLAND and BOREXINO collaborations are able to reduce the errors on sin^ 29i to 
about 5% and Ami will be known to a precision of a few % for LMA, about 10% for LOW 



and a few %ofor VAC • Long baseline experiments can make precision measurements 
of the atmospheric parameters on the few % level [3^, neutrino factories even at a 1 % 
level 

reactor experiments |^ can probe values of few- 10" 
few-10-^ 



Regarding tan ^3, the experiments for the atmospheric scale as well as future 

long baseline experiments values of 



3 CP violation in special hierarchies 
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3.1 Hierarchical scheme 



This scheme is reahzed for 1713 ^ m2 ^ rrii. The form of (m) neglecting mi but including 
terms proportional to S3 reads 




where (p = a — (3. The maximal (m) for = is about 7.7 ■ 10"'^ eV for a maximal Amg of 
about 3- 10^^ eV^ in case of the LMA solution. For the other solutions it is around or below 
10~^ eV. For the maximally allowed = 0.08 the effective mass can be at most 1.3 ■ 10~^ 
(5.5 ■ 10-^ 5.2 ■ 10-3) for LMA (LOW, VAC). For LMA and small S3 the first term in Eq. 
(0) dominates, for larger S3 the third term can cancel the first two when ~ 7r/2. For 
a — f3 = tt/A the solar and atmospheric contributions to (m) are just summed up. From 
values of AttIq smaller than about 10""^ eV^ on, the second term dominates in Eq. ([I0|), 
(m) is then proportional to s| and the dependence on practically vanishes. This can be 
seen in Fig. |l], where (m) is shown as a function of for different Amg, Sg and tf. From 
(PUP, one can infer the phase difference as 

cos2ia-(3)=^-^^^^^^^^dZ^^. (11) 
2 y'AmI Am| sf si 

As well known, it will be very difficult to measure (m) in the hierarchical scheme when 
LMA is not the solar solution, because in order to give an accessible (m), s| has to 
be very close to its current limit. For the LMA solution, (m) can lie above 2 ■ 10"^ 
eV even for vanishing S3, which however requires large tf and AttIq. If the two phases 
conspire to fulfill a ~ 7r/2 + /5, then cancellation occurs and (m) can vanish. This 

happens also for the ( h) and ( — I — ) configurations, i.e. when the second and third 

mass eigenstates have opposite signs. The (+ + +) and ( h) cases correspond to = 0. 

Therefore, in case of the LMA solution and if S3 is sizable (i.e. larger than about 0.03) 
and (m) lies below the GENIUS limit, then is located around n/2. The (+ + +) and 

( h) configurations are then ruled out. Values of (m) considerably larger than 0.001 eV 

would show that is close to zero, which corresponds to the (+ + +) or ( h) signatures. 

For solutions with lower AitLq and t"^ ^ 0.03 no statements can be made because the 
predicted (m) is below the GENIUS limit. In addition, there is practically no dependence 
on the phases, even for sizable tf. 



3.2 Inverse hierarchical scheme 



This scheme is realized if in the inverse scheme it holds mi ~ 772,2 ^ "7,3. Thus, neglecting 

-.2 

'3' 



m3s|, the effective mass reads 



Am 



2 



(m) ^ .jAmi^l-Aslclsl = 1^-^^ (I + tj)^ - A si ^ c„ , (12) 
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where the latter approximation holds for ~ 1. Note that it is not a function of Am^. It 
allows for complete cancellation only for tf = 1, i.e. in the LMA solution there should be 
a non-vanishing effective mass (larger than about 5 ■ 10~^ eV), whereas LOW allows for 
complete cancellation. For the best-fit points given in the previous section the effective 
mass is predicted to be smaller than 0.07 eV, independent of the solar solution. Fig. ^ 
shows (m) as a function of a for different tf. One finds indeed very few dependence on s|, 
/3 and AitIq. It is seen that for non-maximal solar mixing, (m) can be probed regardless 
of the phase. From Eq. ([T2|), a can be calculated for given t^, Am\ and (m): 

+ (13) 

where the last approximation holds again for ~ 1. If e.g. (m) = 0.04 (0.03) eV, then one 
gets si ~ 0.4 (0.8) for the best-fit point of the LMA solution and ~ 0.2 (0.6) for the 
LOW case. With < 1 it is possible to find the condition 

(m) 1 - t? 



under which the inverse hierarchical scheme is validQ. The number on the right-hand side 
lies between 1/9 and 2/3 for the LMA solution, between zero and 1/3 for the LOW case 
and zero and 1/2 for VAC. For instance, if = 0.4 (0.7, 2.4), then (m) > 0.02 (0.009, 0.02) 
eV. In this scenario, the best-fit points of the LMA and VAC solar solutions do not make 
any difference since they yield identical results for (m). 

Therefore, maximal solar mixing and (m) above 0.01 eV means that a is small or 

close to TT, which corresponds also to the (+ + +) and ( h) cases. A value of (m) 

below the GENIUS limit implies that a ~ 7r/2, which is also possible for the (H ) and 

( — I — ) signatures. However, for such a small (m) a solar mixing angle very close to 
7r/4 is required, i.e. if the LMA solution and the inverse scheme are verified, but (m) 
lies below the GENIUS bound, the inverse hierarchical scheme is ruled out. For non- 
maximal mixing, the dependence on a becomes smaller. Values of (m) below 0.01 eV 
are only possible for a ~ 7r/2 and 6i ^ 7r/4±0.1. Since in the inverse hierarchy the 
phase /3 is connected with the smallest mass state ms as well as with the small quantity 
s|, a determination of this parameter is very questionable. However, two of the four CP 

conserving possibilities may be ruled out. The (+ + +) and ( h) CcLSGS cLS well as the 

(H ) and ( — I — ) configurations give the same values because of the smallness of S3. 



^In the following, we will use positive (m). For > 1 it is understood that the absolute value of the 
right-hand side of ( |l^ is taken. 
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3.3 Degenerate scheme 

This scheme is reahzed for ml ~ — ml = m^ ^ Am\. It is then useful to define an 
"averaged mass" m = (m)/mo, which reads 

(tTI/ I 

m = ^ = cl^c\ + s\ + ti + 2(sf tl C2(„-/3) + Cf (sf C2a + tl Cip)) ■ (15) 
777-0 

No dependence on the solar Am^ exists. The four CP conserving configurations can be 
written as 

1 (+ + +) 



777 



-rr (1 — tl — 2So 

1 + 1 ^ 



+ *I . (16) 

l^(l-t?(l-2sl)) (- + -) 

1-2.1 (--+) 

Note that the (+ + +) and ( h) cases have an averaged mass independent on 

the solar solution. For the (+ + +) configuration, (m) = mo and for the ( h) case 

(m) = mo(l — 2sl), which is identical to the result for (+ + +) for vanishing ^3. In the same 

limit, as well as for maximal solar mixing, the (H ) and ( — I — ) cases are identical. 

In general, the (H ) and ( — I — ) cases are connected via 9i 71/2 — 61. Therefore, 

e.g. tl = 0.5 in the (H ) case is identical to tl = 2.0 in the ( — I — ) configuration. 

This is however only interesting for the VAC solution, since the other ones have ti < 1. If 

tl < 1, then the minimal m occurs for the (H ) configuration, if > 1, then in the 

( — I — ) case. 

Cancellation can only occur for the (H ) and ( — I — ) signatures, which however 

requires that tl is very close to one. In fact, for the ( — I — ) case only tl = 1 together 

with s| = can give full cancellation, whereas for (H ) also close to maximal solar 

mixing with non-vanishing 6^ is sufficient for complete cancellation. The minimal m for 

the ( h) signature is 0.84, in the LMA solution the range of m is 0.022 to 0.67 (0.11 to 

0.69) for the (H ) (( — I — )) case, respectively. In the LOW solution, m ranges from 

zero to 1/3 (zero to 0.44) for (h ) (( — \ — )) and the VAC solution predicts m to lie 

between zero and 0.54 (zero and 1/2) for (h ) (( — I — )). 

We give a few examples for possible statements: for tl < 1 the minimal (m) is obtained 

for the (H ) signature, thus, if rn ^ 0.02, then the LMA solution is ruled out. For 

m > 0.7 (0.6), the (+ + +) or ( +) case has to be realized for the LMA (LOW, VAC) 

solution. For m ^ 0.84 the (H ) and ( — I — ) cases are ruled out. 



In analogy to Eq. (|I2|) one can in the degenerate scheme write an equation for (m) 
when S3 is neglected: 

(m) ~ mo^l-Aslclsl = (1 + tl)^ - A tl si ~ moc, , (17) 
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from which one obtains a formula for the phase a, 



4 ^ 4^(1 + tl)' {l-rh')c:,l-m\ (18) 

where the last approximation holds again for ~ 1. The corresponding equation (|13]) for 
the inverse hierarchy should be a more appropriate relation since there the small quantity 
s| is multiplied with the smallest mass. In the degenerate scheme it contributes together 
with mo, which for sizable Sg could be a non-neghgible number. In general, an area in a-/? 
space can be identified, when a limit or value of mo or (m) is known ||1T|, The smaller 



m is, i.e. the more cancellation occurs, the closer a is to 7r/2. This however is equivalent 

to the (H ) and ( — I — ) signatures. Since ( |17|) allows cancellation only for tf = 1, a 

vanishing (m) in the LMA case for a neutrino mass of mg ^ Am\ would mean that S3 is 
not zero. The consistency relation for the scenario in this section reads 

m>- i. (19) 



l + t 



Violation of this condition implies sizable s|, which, from (|T6D, can be obtained for t\ < 1 

as 

sl = ^{l-tl-m{l + tl)) . (20) 
For tl>l the (- + -) case gives the minimal (m), and s| is obtained in this case as 



^3 



2 _ 

~ 2ti 



^(m(l + t?)-(l-t?)) . (21) 



We finally comment on a small possibility to calculate the phase jS for the SMA solution. 
Since sf ^ 0, (m) does hardly depend on the phase a. If in Eq. (|15|) ci ~ 1, then one gets 



1 — m^ 



'f^'^Asicy ^^^^ 

The condition under which this is possible can be obtained from s| < 1 and reads 



m > ^1 -4sici > 0.84. (23) 

When (m) is close to 0.4 eV then this situation seems unlikely, since Sg has to be close to 
its current limit and in addition mo must be close to the lowest experimentally accessible 
value in order to probe /3. 

3.4 Partial hierarchical schemes 



These schemes are realized when the smallest mass state is of order of y Am\ , say, between 
0.01 and 0.1 eV. 
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3.4.1 Normal scheme 



In the "normal partial hierarchical scheme" one can define again an averaged mass (m) / mi . 
In this scenario it can be obtained from Eq. (plSf) with the replacement 



(m) 
mi 



m niQ — i> nil, Sg 



1 + 



(24) 



Again, no dependence on the solar Am^ is present. Depending on the value of mi, the 
dependence on is more or less strengthened through the presence of the square root 




mi 



The maximal (m) is given by (m) ^ mi(l + s^Wn) ^ 0.11 eV. For 



vanishing complete cancellation is again only possible for tf = 1, i.e. not for the LMA 



solution. The situation is then equivalent to the one for the inverse hierarchical scheme. 
For vanishing t| one can write an equation for a in analogy to ([13|) , with the replacement 



Am^ 



For tl = 0.4, (m) lies below 0.01 eV only for a ~ 7i/2 and mi ^ 0.02 eV. If also 
f3 ~ 7r/2 and tj > 0.02, then (m) can lie below the GENIUS bound. With increasing tf, 
the minimal value of mi, for which this happens, is increasing. Values below 2 ■ 10~^ eV 
are only possible if mi and ti are small and tg is sizable or if the mixing is close to maximal 
and tl is small. When tl ^ 1.5, similar statements hold, however, /3 ~ is now required 
in order to allow for large cancellations. Thus, for large tf < 1 [tf > 1), sizable t| and 
(m) < 2 ■ 10-3 eV, then mi has to be small, a around 7r/2 and (3 around tt /2 (tt). This 

situation corresponds to the (H ) (( — I — )) configuration. For close to maximal solar 

mixing and (m) < 2 • 10^'^ eV, a is around 7r/2. If t^ is sizable, then in addition mi has to 
be small. When (m) is around 0.01 eV, the phase a has to be small, which corresponds to 
the (H ) or ( — I — ) signature. 



3.4.2 Inverse scheme 

In the "inverse partial hierarchical scheme" {m)/m^ can be obtained from Eq. (|l^) with 
the replacement 



(m) 



m mo 



2 2 

m3,Ci c 



mq 



Ami 



mq 



(25) 



which has a slightly weaker dependence on t| than in the normal hierarchy, because the 



contributions of cf and are enhanced by the factor Wi 




Am\ 
mi 



The maximal 



(m) is given by (m) ~ m^ {wi + s\) ^ 0.12 eV. For vanishing t\ one can obtain a via Eq, 



(p!3|) and the replacement Am\ wf m\ = m\ + Am^. For t\ ^ 0.6 and t\ ^ 1.5, (m) lies 
always above 0.01 eV. For closer to maximal (but not exactly maximal) mixing it can lie 
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below 0.01 eV for large t| and low or only for small t| as long as a ~ 7r/2 and /5 ~ 7r/2 
(0) for tl < 1 {tf > 1). Thus, values below 0.01 eV are possible when the solar mixing is 

maximal and a ~ 7r/2 (which is equivalent to the (H ) or ( — I — ) signature) or if for 

tl < 1 the second phase P is around n/2, which is the (H ) configuration. For > 1, 

j3 should be close to n, which corresponds to the ( — I — ) case. 

Once we finished now the discussion of the special hierarchies, we can order them with 
respect to the maximal (m) they predict: 

degenerate > partial inverse > partial normal > inverse > normal . (26) 

4 General case 

We shall use the best-fit oscillation parameters as given in Eqs. (0,^ and assume the 
following uncertainties of the solar Am^: 5 % for LMA, 10 % for LOW and 5 %o for VAC. 
For tan^ 6i and Am\ we assume an uncertainty of 5 and 10 %, respectively. The effective 
mass is analyzed as a function of the smallest mass state for different tg. What results 
with these assumptions is an area in parameter space, which denotes the region between 
the maximal and minimal (m). Unless otherwise stated, the area for the (+ + +) case is 
so small that it appears as a line. 

4.1 Normal scheme 

For the normal hierarchy, the result is shown in Figs. ^ to The structure of the 
"CP- violating" area is the less complicated the smaller is. From t| smaller than about 

10"'^ (10~^) on, the ( — I — ) and (H ) signatures become indistinguishable for the 

LMA (LOW, VAC) solution. Up to six separated areas exist, for tg ^ 10~^ they merge 
into one, which area is smaller than the sum of the areas for sizable tf. For the LOW 
solution the area is significantly larger than for LMA and for VAC. In case of VAC the 
area is smallest. 

In Fig. 1^ the consequences of different uncertainties of the oscillation parameters are 
shown. We concentrate on the LMA solution, tg = 0.01 and start with a typical allowed 
parameter space, which is Am\ = (1.5 . . .4) ■ 10~^ eV^, ArriQ = (1 . . . 12) ■ 10"^ eV^ and 
t\ = 0.2. . .0.8, which is denoted as "everything". Then it is allowed for uncertainties of 
the solar and atmospheric parameters around the best-fit values of Eqs. (I^JI), which are 
indicated in the figure. The lower right plot is for exact measurements, which coincides 
with the situation analyzed in 0. Similar plots have been presented first in @], where 
the Am^ have been allowed to vary within their 90% C.L. values and different tl and tg 
have been taken. The situation under study in the present paper is more accurate with 
respect to the expected future uncertainty of the oscillation parameters. Now an area for 
the (+ + +) case can be identified. For an uncertainty of 5% and 10% for the solar and 
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atmospheric parameters (as used in Fig. ||), the area becomes again a hne and consequently 
is not shown anymore. Currently, there is only a small CP-violating area, between the 

minimal ( h) and the maximal ( — I — ) line, although it exists at large (m) and mi. 

The area grows with decreasing uncertainty and takes the complicated form known from 
the previous figures when the solar parameters are known to a precision better than 10 %. 
These additional areas appear however around or below the maximal GENIUS limit. 

4.2 Inverse scheme 

The plots with the CP-violating shown in Figs. 0, | and | for the LMA, LOW 

and VAC solution. The situation is now much simpler, CP violation occurs only between 

the minimal ( h) and the maximal ( — I — ) line. There is also a small area between 

the minimal ( — I — ) and the maximal (H ) line, which disappears for ^ 0.01. The 

(H ) and ( — I — ) signatures become indistinguishable for t| ^ 0.01. With the chosen 

oscillation parameters there is no complete cancellation and therefore all expected (m) 
values lie above 0.01 (0.006) eV for the LMA and VAC (LOW) case. Again, the LOW 
case provides the largest CP- violating area, the LMA and VAC areas are of comparable 
size. 

As for the normal scheme, large part of the areas cover a range of (m) that is larger 
than the expected 20% uncertainty of the experimental results. This is negligible with 
respect to the uncertainty stemming from the NME calculations. Consequently, these have 
to be overcome in order to make reasonable statements (not only) about the presence of 
CP violation in Oz//3/3. 



5 Final remarks and summary 

The presence of leptonic CP violation especially in Oz//5/5 can strengthen our believe 
in leptogenesis, the creation of a baryon asymmetry through out-of-equilibrium decays 
of heavy Majorana neutrinos. These heavy neutrinos are also responsible for the light 
neutrino masses through the see-saw mechanism, linking thus neutrino oscillations with 
leptogenesis. Baryon number and CP violation are necessary conditions for creating a 
baryon asymmetry. Given that in most models the heavy Majorana neutrinos are too 
heavy (> 10^° GeV) to be produced at realistic collider energies, the demonstration of 
lepton number violation and leptonic CP violation could be the only possibility to validate 
leptogenesis. A general feature of models presented in the literature is the dependence of 
the baryon asymmetry Yb on the Majorana phases a and (3. For example, in the left-right 
symmetric model presented in |T^, a sufficient Yb can be generated without the "Dirac 



phase" 6. This has also been observed in the minimal 5*0(10) model analyzed in [|T^. The 
presence of CP violation in Oi^/3/? is required there to produce the correct amount of Yb. 
This is why CP violation in Oz//3/3 plays an important role. 
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In the light of recent data we analyzed the presence oi CP violation in neutrinoless 
double beta decay. The observed non-maximality of the solar mixing in case of the LMA 
solution allowed to make some statements about possible cancellations. The four CP 
conserving sign signatures can in many cases be grouped into two pairs, in some cases 
even one unique solution can be identified. In the hierarchical scheme the (+ + +) and 

(H ) cases are equivalent because (m) depends on the difference of two phases. In 

the inverse hierarchical scheme only one phase can be probed, which leads to identical 

results for the (+ + +) and ( h) cases as well as for the (H ) and ( — I — ) cases. 

Due to the large solar mixing and the smallness of s§, these two pairs also exist for the 
degenerate and partial hierarchical schemes. Simple formulas for the Majorana phases and 
consistency relations for these hierarchies have been collected and the different situation 
for values of smaller or bigger than one has been commented on. The CP violating 
areas including present and future imccrtainties of the mixing parameters were identified. 
The LOW solution provides the best opportunity to establish the presence of leptonic 
CP violation, since the relevant area in parameter space is largest in this case, regardless 
of the mass scheme. Obviously, in the inverse scheme, where for small neutrino masses 
the predicted (m) is considerably higher, the situation is better. However, the uncertainty 
stemming from the calculation of the nuclear matrix elements will remain the big drawback 
for this possibility. 
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Figure 1: The effective mass (m) in the hierarchical scheme as a function oi — a. — 
for different tan^^3, tan^ ^1 and Amg. The smallest mass is mi = 10~^ eV, Am^ 
2.5 • 10~^eV^ and /3 is chosen to be zero. 




Figure 2: The effective mass (m) in the inverse hierarchical scheme as a function of a 
for different i\. The smallest mass is rxij, — 10~^ eV, Am^ = 2.5 • 10~^eV^, Am^, = 
4.5 • 10"^ eV^ si = 0.01 and /3 = 0. 
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Figure 3: The range of (m) in the normal scheme for the LMA sohition and an uncertainty 
of the oscillation parameters as described in the text. The "CP violating" area is indicated 
by the hatched area. 




Figure 4: The range of (m) in the normal scheme for the LOW sohition and an uncertainty 
of the oscillation parameters as described in the text. The "CP violating" area is indicated 
by the hatched area. 




Figure 5: The range of (m) in the normal scheme for the VAC sohition and an uncertainty 
of the oscillation parameters as described in the text. The "CP violating" area is indicated 
by the hatched area. 




Figure 6: The range of (m) in the normal scheme for the LMA solution, tg 
different uncertainties of the oscillation parameters as described in the text, 
violating" area is indicated by the hatched area. 
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Figure 7: The range of (m) in the inverse scheme for the LMA solution and an uncertainty 
of the oscillation parameters as described in the text. The "CP violating" area is indicated 
by the hatched area. 




Figure 8: The range of (m) in the inverse scheme for the LOW solution and an uncertainty 
of the oscillation parameters as described in the text. The "CP violating" area is indicated 
by the hatched area. 
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Figure 9: The range of (m) in the inverse scheme for the VAC solution and an uncertainty 
of the oscillation parameters as described in the text. The "CP violating" area is indicated 
by the hatched area. 



